A protection scheme for multi-terminal VSCHVDC transmission systems by Raza, Ali et al.
Raza, Ali and Akhtar, Amin and Jamil, Mohsin and Abbass, Ghulam and 
Gillani, Syed Omer and Yuchao, Liu and Khan, Muhammad Nasir and 
Izhar, Tahir and Dianguo, Xu and Williams, Barry W. (2017) A protection 
scheme for multi-terminal VSCHVDC transmission systems. IEEE 
Access. ISSN 2169-3536 , 
http://dx.doi.org/10.1109/ACCESS.2017.2787485
This version is available at https://strathprints.strath.ac.uk/63026/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any correspondence concerning this service should be sent to the Strathprints administrator: 
strathprints@strath.ac.uk
The Strathprints institutional repository (https://strathprints.strath.ac.uk) is a digital archive of University of Strathclyde research 
outputs. It has been developed to disseminate open access research outputs, expose data about those outputs, and enable the 
management and persistent access to Strathclyde's intellectual output.
2169-3536 (c) 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2017.2787485, IEEE Access

	
	
		
		



 	
 
 
  

   	 

  
 
	
   	  	  

 

  

 
    		

	
 	
	

!
	

	

		

		

"




##	 $

%#
	
	

	
 " 
    	 	
    &' %
	   
 
 
	 		 

	 
     $ 

 
	
$
	 	
  
   ($
)		

 




 
   	
 *  
	  


	#(*+,-!.

	$
	 	


 	
 
  
 



  /	
  

 	 	


	

 
 	
0
 




1	
## %#	


	  23 4
  
 	 	
 

 

  
 
5 		  

	

 ! 	
  	
 	 
 



 0 	
 
  
	  	 
 

55


	
 %$ 

6 &' % 	6


 
6  

6 	
$
	 ($

 		
 !"!# $%& '(!#%)"*!*%$!" !"+,'#!-
.(. $%& '(! -* 
+ .'# ,!! %,#!"$!- +
+
 !*.%&%(/%00!"#)1!"%)#,!!0 #23"%$-!#*% "%&%0

')#*"3 #),1  !-%4%$!1,!"567
'8'9:. '"9;'1&9&''-.''"!< . .!
!3'" 1!  %0 %,% * '- 9 ' %'& $!"# / %0 *!*!# '-
	!*.%&%(/9 #&'1','- ==6669 ':# ' !1'&2 <&&"8!>(1'&*%1?
'1@':. '">.% 1'&*%1?1%.#>#11!)# !-)3:?%1!">#11!)# !
-)3:?'#".',,>.% 1'&*%1
 ,,'## # < .  .! &!* "*'& (!!"( !3'" 1! 9 $!"# / %0
'.%"!9'.%"!A=6669':# '!1'&2(.)&'1',,'##>!!)%&!-)3:
)*.'% '- B '()% #< .  .!*.%%&%0&!* "*'&(!!"(
'- ) %1' %9 
'", #  ) ! %0 	!*.%&%(/9 
'", A6669 .' !
1'&2&)/)*.'%. >%) &%%:*%1?C)-'(>. !-)*
	 8.'" # < .  .! &!* "*'& (!!"( !3'" 1! 9 $!"# / %0
(!!"( '- 	!*.%&%(/9 '.%"! A=6669 ':# ' !1'&2
 8.'">(1'&*%1
&&'1##< . .!$!"# /%0 "' .*&/-!9&'#(%<B9
!1'&2'""/&&'1#># "' .'*):

,% .'* $!'-"!'* $!3%<!"'-9 .!-"!* %%03%<!"*'
,! '& !"!- ,/ %&/ "!$!"#(  .! *)""!  -"!* %   !',&!#
1)&  !"1'&
+	
+#/# !113&!1! ' %'#
' *%# '  -* ,)# *' ,! )#!-9 )&:! < . *&'##* &!
*%11) ' !-*%$!" !"#DE
)&  !"1'& +
+ #/# !1# %00!" '  ",) !# &:!2
"!-)-'*/9 0&!C,& /9 "!&',& / '- #!*)" / 0%" 3%<!"
 "'#1##% D5E  ("- "!&',& / '&&%<# #'0! %3!"' %
<.! '-%3 ( '33"%3"' ! '* %  % '$%- -* ("- 0'&)"!
-)"(#!$!"!*%- %#DFE9$89'-*("-3"% !* %#*.!1!

%<!$!"9 -* ("- 3"% !* % 0'*!#  .! *.'&&!(! %0 ' "'3-
*"!'#! %0  .! -* 0')&  *)""!  '#  -! !* % '-
-! 0*' %,/3"% !* $!"!&'/#'-G)*:#%&' % ."%)(.
-* *"*)  ,"!':!"#  '"!  .! ,'#* "!G)"!1! # %0

+3"% !* %#/# !1#	.!3"% !* %#/# !1#1)# 
,!!00*!  %-! 0/'-&%*' ! .!0')& -)"( .!0"# 0!<
1&&#!*%-#%0 .!-*0')& 3!"%-0 .!-%!#% -! 0/
'-#%&' ! .!0')& !-#!* % 1!&/90')& *)""! #1'/"#! %
-!# ")* $! &!$!&# '- -'1'(!  .! 
+ *%$!" !"# '-  .!
#/# !1 -* ("- $%& '(! 1'/ 0'&& -%<  % )'**!3 ',&/ &%<
$'&)!# 	.)#9  0%" -* #/# !1# 1)#  ,! 0'# !" '- 1%"!
'**)"' ! .'0%"'*#/# !1#D=E
!&!* $!3"% !* %%0	
+#/# !1#-$-!# .!("-
 % 3"% !* % 8%!# !!"'&&/9  .!"! '"!  <% 3"% !* %
8%!# .!#!&!* $!-*3"% !* %#/# !1#0%"%!3%" %
 .! !$!  %0 ' -* 0')& 9 "!#3!* $! -* ,"!':!"# %0 ' #3!*0*
8%!#.%)&-%3!"' !'-#%&' ! .!0')& /3%" %93"!$! (
0')&  *)""!  3"%3'(' %  % !(.,%"( 3"% !* % 8%!#
DAE 	.)#9 ,!0%"!  .! '* % %0  .! ,'*:)3 3"% !* % 9
 .!3"1'"/3"% !* %#.%)&-.'-&! .!0')&  #8%!
0  .! 3"1'"/ 3"% !* % 0'&#  % 3!"0%"1  # 0)* %9  .!
,'*:)3 3"% !* % 1)#  ,! !00*!  !%)(.  % -! 0/  .!
0')& /*%- %'- %"!'* '**%"-(&/D4E
'/%) 3"% !* %#*.!1!#0%"	
+#/# !1#
.'$!,!!3"%3%#!-D7E'-DHE9'*)""! -!"$' $!,'#!-
3"% !* %  !*.G)! # !13&%/!- 	.! *)""!  "' ! # &1 !-
,/-*&:-)* %"#
%<!$!"9-*-)* '*!*"!'#!#
!!"(/"!G)"!1! #3"% !* %#*.!1!,'#!-%$%& '(!#
3"!#! !-DIE'-D6E9,) &%(#1)&' %#'"!"!G)"!- %
*&'##0/ $'"%)#  ."!#.%&-# 	.! $%& '(! 1'( )-! ,'#!-
3"% !* % !*.G)!D4E)#!# #-!"$' $!# %-! 0/'-
#%&' ! -* 0')& # 
%<!$!"9  .! 1! .%- 3"!*#% -! !"%"' !#
< . "!-)*!- #'13&( 0"!G)!*/ !*.'*'&  ,'#!-
3"% !* % # 3"%3%#!-  DE < . 0')&  *&!'"(  1!# %0
"% !* %*.!1!0%")&  !"1'&+

+	"'#1##%/# !1#
&'8'91:. '"9%.#;'1&9.)&'1,,'##9/!-1!"&&'9))*.'%9).'11'-
'#".'9	'."8.'"9B)'()%9			9'""/&&'1#

2169-3536 (c) 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2017.2787485, IEEE Access

	
	
		
		5


461#0%"3"1'"/3"% !* %<.&!,'*:)33"% !* %%3!"' !
< .-!&'/%0561#	.!3"%3%#!-"!&'/('&(%" .1#0%"-*
("-#-% %  #)00*! .(. %3!"' % #3!!- < . #!&!* $ / 
D5E9  .! '&(%" .1 .'& #  '* % ) &  .! 0')&  *)""! 
"!-)*!# %!'"8!"% ."%)(.9<.*."!#)& #*%#-!"',&!
-!&'/%3!"' %'# ,'*:)33"% !* %,'#!-%&!'"
-#*"1'  ''&/##  # 3"%3%#!-  DFEDAE < . '
0')& *)""! &1 ( 1!%0FA1#,) % 8!"%*)""! A1#
 %3!"' (  1! # *%#-!"!- <.*. 3"'* *'&&/ % 
3%##,&! ,!*')#! %0  # .(. % # ' ! &%##!# %"!%$!"9 
.'# ' -"'<,'*: %0 1#*&'##0*' % '- .!*!9  # 3"'* *'&
13&!1! ' % # 3"%,&!1' * '#  0'&# <.!  .!
-#*"1' %" 0%"1' % # %    .! 1!' ,)  "' .!" 
$'"'*!9 %0 -' ' 	.)#9 ' 3"% !* % '&(%" .1 < . ' ,!  !"
# ' # *'&  !*.G)!9 'J$! '/!# *&'##0!"9 # 3"!#! !- 
 .#3'3!"
%) 3"% !* %#*.!1!,'#!-%*)""! '-$%& '(!
-' '#$!# (' !-0%"-*("- %-!$#!3"1'"/'-,'*:)3
3"% !* %	.!3"%3%#!-  !*.G)!*%&&!* # &%*'&$%& '(!'-
*)""! #'13&!#'-*&'##0!# .#'**%"-( %'J$!'/!# %
-! !* '--#*"1' !0%"<'"-'-,'*:<'"-0')& #	.!#(
%0

 #)#!-  %-#*"1' !,! <!!  .!3"% !* %8%!#
	.!#*.!1!%00!"#0'# 3"1'"/3"% !* % .!!$! %00')& 
K%!'-%3!"' !#< .#!&!* $!%$!"#.%%  1!<.!
3"1'"/3"% !* %0'&#
	.# 3'3!" # %"('8!- '#2  !#  #/# !1 *%0()"' % '-
*% "%&# '"! -!#*",!-  #!* %  	.! 3"%3%#!- 3"% !* %
'&(%" .1 0%"	
+#/# !1# #3"!#! !-  #!* % 
!* % + !C3&'#  .! "%) !  % -#*"1' ! ,! <!!
3"% !* % 8%!# )#( ' 'J$! '/!# *&'##0!" 1)&' %
"!#)& #0%" .!3"%3%#!-'&(%" .1'"!3"!#! !-#!* %+
'&&/9*%*&)#%#'"!-"'<#!* %+
F 
= 
5
5=
=F
F5
F

F 
5F=
F  
F5
=5
=F
5=
5
5F
5

((&!&!-'("'1%01!#.!-+
+#/# !1
 
			
#(&!&!-'("'1%0 .!3"%3%#!-0%)" !"1'&1!#.!-
1%-)&'"1)& &!$!&*%$!" !",'#!-
+#/# !1#
#.%< .!( *%## #%01!#.!-&!F5'-"(%0
&!# 3%&'" *%!* % %0  "'#1##% &!# '"! "!'&8!-
*%#-!"(3%# $!'-!(' $!-*$%& '(!#
/,"-#
'"!*%!* !- %!'*.!-#!"!#< .-*-)* %"#661

 !'*. &!9  % &1   .! "' ! %0 "#! %0  .! -* 0')&  *)""! 
	.!#!-)* %"#-%% '00%"-3"% !* %'('# '-*&:0')& 
< .'+!( .#0%" .!&!#5=9=F9F95'-F5
'"!2H6:19H6:1966:1966:19'-A6:19"!#3!* $!&/
 
#.%"! + # ' %#  '- 5 '"! #!   %
*% "%&  .! -* $%& '(!  ."%)(. +-* -"%%3 *% "%& '-
"!'* $! 3%<!" *% "%& D4E 	.# #!  ( .!&3# "!()&' !  .!
!C*.'(!- "!'* $! 3%<!" ,! <!! ' *%$!" !" '-  .!
!C !"'& '* ("-3&)# 1' '# *%# ' -* &: $%& '(! 	.!
"!1'(*%$!" !"# ' %#F'-='"!#!  %
+'* *% "%& 1%-!9 <.*. !# ',&#. *%# '  '* $! 3%<!"
0&%<'*"%## .!("-D7E'-"!()&' !# .!'*$%& '(!&!$!&' 
 .!3% %0*%11%*%)3&(
 				+
+	
	.! 1' .)"-&! .'13!"(  .! 13&!1! ' % %0 	

+ #/# !1# #  .! %'$'&',& / %0  .! 3"% !* %
#/# !1 	.)#9 ' *%13&! ! !<  !*.G)! !!-#  % ,!
!# ',&#.!- #-00*)&  %!C ()#. .!'"*-*#/# !1#'#
 .!3%&'" /%0*)""!  "!1'#*%# ' $'&',&!3"% !* %
'&(%" .1# 0%" 	
+ '"! %  #' #0'* %"/ )"( ' -*
("-0')& 9 #3"'* *! %%3!"' !'*#< *.(!'" %-#*%!* 
 .! <.%&! -* ("-2  .# # %  '**!3 ',&! 	.! "!'#%# <./
3"% !* (-*("-##1%"!-00*)&  .''*! <%":#'"!DIE2
 %"1'&&/9 *',&!# '"! )#!-  +
+ < . .(.
# !'-/# ' !#.%" *"*) *)""! #'-#.%" "#! 1!
5 $!"*)""!  3"% !* % # !!-!- 0%" +#9 ,!(
#!# $! %%$!"&%'-#
F < *.( %0 -* *)""!  # 1%"! *%13&*' !-  .'  .!
#< *.(%0'*
+',&!%3!"' %%0'	
+#/# !1-!3!-#)3% #
',& /  % #)"$$! -)"( ' -* 0')& 9 #% 1%"! $!# (' % #
!!-!-%-*0')& 3"% !* %DIE9DHE%&&%<(0!' )"!#'"!
"!*%11!-!-0%"'"%,)# -*("-3"% !* %#/# !1DIE2
 -! 0/  .! -* 0')&  "% !* % #/# !1# 1)#  ,!
)"!#3%#$! %%#!'-%3!"' !%"1'&&/
5 ! !*  .!0')& &%*' %#/# !1
F 3!"' !  .! "!&!$'  #  ' 0!< 1&&#!*%-# '0 !"
0')& -! !* %'#!&!* $!1'!"
= /# !1#1)# .'$!'-!G)' !&/0'# -**"*) ,"!':!"#
A  . 3"1'"/ 3"% !* % 0'&)"!9 ,'*:)3 1)#  ,!
!13&%/!-
)"('-'0 !"'-*("-0')& 9 .!!00!* % .!*%!* !-
'*! <%":#1)# ,!11'&/3"% !* %#/# !11)# ,!
*'3',&! %0 -# ()#.( ,! <!! 0')& / '- ',%"1'&
*%- %# %0  .! 3%<!" #/# !1  #.%)&- ,! #!# $!  %
 ."%)(.0')& #'-*'3',&!%0.'-&(*%$!" !"%#!
 

( 5 #.%<# 3"% !* % 8%!# '- ,)#!# $!"/ ,)#
*%!* # % <%%"1%"!&!#< .'##%*' !-./,"--**"*) 
,"!':!"#'-'"!&'/' !'*.&!!-'*.3"% !* %8%!#
,%)-!-,/'&!-)* %"K%!3"1'"/3"% !* %2"!&'/
F'-K%!5 ,'*:)33"% !* %2 "!&'/ 0%" "!&'/F'"!
#.%<  ( 5 0%" 0')&  LFM % &! F D=E 	.! 'J$!
2169-3536 (c) 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2017.2787485, IEEE Access

	
	
		
		F


'/!## ' # *'&1! .%-#)#!- %-# ()#.,! <!!8%!#
'-5

(5'/%) %03"% !* %8%!#0%"-*,)#!#
	.!0')& #'"!"!3%" !-'#'"#!-**)""! '-'-"%3
-* $%& '(! &!$!& 	.! -)* %" '  !'*.  !"1'& %0  .! 0')& /
&! # !13&%/!- &1 #  .! 3"%3'(' % %0 ' "'3- -"%3 
$%& '(!'-"#!*)""! 	.)# .!#(%0

-!#*",!# .!
-"!* %%0'/0')& *)""! 9! .!"0%"<'"-%""!$!"#!
 3"% !* % '&(%" .19  .! $%& '(! '- *)""!  '"!
1% %"!- '  "!&'/# '- *%13'"!- < .  ."!#.%&- $'&)!# %
<.*. 3"% !* % 8%!# '"! -#*"1' !- '- '  "((!"(
#('&#(!!"' !- %%3!"' ! .!-*,"!':!"	.!#'13&!--' '
%0$%& '(!'-*)""! '"!3&%  !-%'3&'!	.!3&'!
#-$-!- % <%8%!#2K%!<.!"!"!&'/F#.%)&-
##)! '  "3 #('&  % F <.&!  K%! 5 9 "!&'/ 
#!#!# .!0')& '- "3##9F'-59%&/
<.! '* ( '# ,'*:)3 !(.,%"( "!&'/# !C*.'(!
0%"1' % ."%)(.#('&#	F'-	'#2

F 
F 
F 
"1'"/ "% !* % 3!"' !
!*%-'"/ "% !* % 3!"' !
 .!"<#!
9 6
69 
69 6
 
 
 
 
 
 
 
 
 
  
  
  
 

(F	1!#!  (#%0 .!3"1'"/'-,'*:)33"% !* %#*.!1!#
  !!
	.! 3"%3%#!-  %3%&%(/ -! !* # '/ 0')& #   .! -!#(!-
3"% !* % "% !* % 8%! ,%)-'"!# -!3!- )3%  .!
$%& '(!'-*)""! 1!'#)"!1! #	.!"!*',! 0%"<'"-'-
"!$!"#! 0')& # ' )"'&&/9 3"1'"/ 3"% !* % #.%)&- %3!"' !
0"#  < . '%3!"' (  1! &!##  .'  .!,'*:)3 3"% !* %
	.!"!&' %#.3,! <!! .!%3!"' ( 1!#%0'-#
#.%< (F DIE651##!&!* $!%$!"#.%%    1! #
'&&%<!-0%"3"%3!"*%%"-' %,! <!!'-  %'$%-
#!&!* $ /3"%,&!1#DIE
	.!  ."!#.%&- $%& '(! # *'&*)&' !- ,/ #),#  ) (  .!
1!'#)"!-*)""! %0F  %    	
  
 D=E'-  .! ."!#.%&- *)""!  # *'&*)&' !- ,/  
 	
  
 
	

	.!<%":(0&%<*.'" %0 .!3"%3%#!-3"% !* % %3%&%(/#
#.%<  ( = 	.! '&(%" .1 0%" 3"1'"/ '- ,'*:)3
3"% !* %#'#0%&&%<#2
F
F F
F
F F
9 '- 0 # 3%# $!
"1'"/ "% !* % %0 K%!
'- 65 0 # !(' $!
!*%-'"/ "% !* % 0%" K%!
" "
" "

# #   


# #   
 $ % 

 

  
 
%  &!' 	.! ,&)! .(.&(. !-
-%  !- ,&%*: #.%<#  .! 3"1'"/ 3"% !* % %0 F  ( =
"1'"/ 3"% !* % <%)&- %3!"' ! <.! 0')&  3'"'1! !"# 0'&&
< .K%!	.!#('&	F*.'(!#0"%16 %<.!
%3!"' !#%0')& -! !* %< .K%!('&	+ "!$!'&#
'/-#*"!3'*/%0 .!-*$%& '(!3"%0&!<.!'%3!#
'#2
F
F
')& # % *&!'"!- 
')& #*&!'"!- 6

 

 
# # 
# # 
   
     5
	 #  .! "!#3%#! %0 '  (' ! <.*. .'# 	F '-
	+ 3) # '# #.%<  ( = 	 -!*-!# % #!*%-'"/
3"% !* %%3!"' %9'# "!1'#60 .!0'&# %*&!'" .!
0')& 


























(=&%<*.'" %0 .!3"%3%#!-3"% !* %'&(%" .1
5 
  &!' 	.! "!- -%  !-
,&%*:"!3"!#! # .!,'*:)33"% !* %(=!&'/F#
*%%"-' !-< .!(.,%"(K%!5"!&'/9 .' #9 ."%)(.
F F  9$  
F F' N ,$ N* O 6
 . F F6F O  N 
F  .  
F F F
P 6
-   NP     O &1- P 
F-  6- 
	 6
F -*$ $
F -*$ $
F  
+	 O
F	
+	
F	 6
	
	
2169-3536 (c) 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2017.2787485, IEEE Access

	
	
		
		=


#('&#	F'-	9"!#3!* $!&/	.!0')& #1 (' !-,/
3"1'"/3"% !* % <.!,% . #('&# 	F '- 	 '"!6
% .!"<#!%0F-! 0!# .!0'&)"!	.)#9 "3#('&
	O#(!!"' !-
	.!0'& "3#('&##)!- % .!./,"--**"*) ,"!':!"#
# .!3"%-)* %0'(' !< .'-&%(*#('&# .' 
#(!!"' !-,/ .!"!&'/#'##.%<(=
+ 			
		K
	.!  ."!#.%&- %0  .! 3"% !* $! 8%!# # '*.!$!- ,/
*%&&!* ( #/# !1 3'"'1! !" 0%"1' % #'13&!#? *)""! 
'-$%& '(!' "!&'/#9F'-59"!#3!* $!&/9'##.%<
(59< .  .!0C!-  1! 0"'1!' !(%"8(  .!-' ' 0%"
,!#  !00!* $!!## # *'&&!-  .! -' ' *&'##0*' %'- #  .!
)#!-  % 3!"0%"1  .! *%13&!C '- $'"!- '* %# **)"' !
*&'##0*' % *' &!'-  % '**)"' ! 3"!-* %# #%9  .! '33&!-
*&'##0*' %1! .%-#13%" '  .#3'3!"9,%"-!"&!#
'"! -! !* !- ,/ !13&%/(  .! 'J$! '/!# *&'##0!" '$!
'/!# *&'##0*' % # ,'#!- %  .! #13&0/( '##)13 %
 .'   .! '  ",) ! $'&)!# '"! *%- %'&&/ -!3!-! 9 ($!
 .!  '"(!  $'&)!# D56E  %&&!* !- #'13&!# '"! *&'##0!-  %
 <% #! #  % .!" <%"-#9  .! '##)13 % #  .'  0%" '
# ' '!%)#  '"(!  $'&)!9  .! 3"%,',& / %0 %,#!"$(
*%Q)* % #  .! 3"%-)*  %0  .! 3"%,',& !# %0 -$-)'&
'  ",) !#
	.! 0"#  #!  %0 #'13&!# # %, '!- 0"%1 K%! 9 3"1'"/
"!&'/F<.&! .!#!*%-#! #%, '!-0"%19&:!-< .
K%!5	1!0"'1!*%#-!"' %#*")*'& %"!()&' !
%3!"' %
 ()#$
'J$! '/!# # *%*!3 )'&&/ ' *%- %'& 3"%,',& /
1%-!&9 <.*. "!3"!#! # ' $!* %"  O )9 )5R) %0 
0!' )"!# .'$( -!3!-!  $'"',&!# %0 ' 3"%,&!1 # '*!
 .' !!- %,!*&'##0!-9< .3"%,',& !#2
 5   9 9        F
0%":3%##,&!%) *%1!#%0$!* %"9S69TD5E
 3"%,',& / 0)* % # 0!'#,&! 0 LM # &'"(! %9  .!
*%- %'& 3"%,',& / # -'13!- ,/ )#(  .! '/!#'
 .!%"!12
       
       
    =
<.!"!    #:%<'# .!1'"('&3"%,',& /2
       6  6                   A
A9      #  .! &:!&.%%-9       #3%# !"%"
3"%,',& /9 '-  .! -!*#% ,%)-'"/ ,%"-!" %"  ."!#.%&-
&!#%, '!-'#4'-#3"!#! !-(A
 6  6!*#% %)-'"/    
    
    
   
 4
*!" ' / .!'/!#'*&'##0!"#*'&*)&' !- !"1#
%0$'"'*! %.'$!'-*' %%0*&'##-#3!"#%2
      6               7
D E     6 6	             
D E   	       H
5 5 5D E      6 6	             
5D E   	       I
5$'"D E D   E D  E            6
'-  .! 1#*&'##0*' % '/!# !""%" "' ! '#  ( A #
*'&*)&' !-0"%12


<.!"!6"!3"!#! # .!"!(%%$!"&'3%0*&'##*&'##5<.&!# .!"!(%%0*&'##5*&'##	.!'J$!'/!#*&'##0!"#13&!1! !-,/ .!# !3#(4

(A"%,',& /-# ",) %0)* %#0%" <%*&'##!#
# '" 
 '&8' %
!'#)"!)'-<
'&*)&' !
"%"U%# !"%"
"%,',& !#
 %"!)
&'## 5
%
!#
 V 6  6  V   6
    *      
   
	."!#.%&-   6   
-
&'## 

(4&%<*.'" 0%" .!'J$!'/!#*&'##0!"
'J$!'/!#%00!"#,!!0 ##)*.'#20'#  %*&'##0/ .!-' '
'#   "!G)"!# %&/ ' #1'&& -' ' 0%" !# 1' %9 #!# $!  %
%#!9'-.'-&!#"!'&'--#*"! !-' '9)&:!D55E
 ""
	+"%+",
%<'-.(.13!-'*!6W0')& #'"!'33&!-' $'"%)#
6 
     6  6""%"' !           - -
    	 	
2169-3536 (c) 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2017.2787485, IEEE Access

	
	
		
		A


&%*' %#%F %0- .!,%"-!"&!!G)' %90%" .!"!&'/#
')& # '  ' "!1% ! -# '*! 0"%1  .! *%$!" !"? 3"%-)*!
'  !)' !-  "'$!&( <'$!# *%13'"!-  % 0')& # !'" F9  .)#
 .! -00!"!   1! 0"'1!# L	M 	2  1! -!&'/ '# %0  69 '-  62
 1! "!G)"!- ,/  .! $%& '(! <'$!  % '""$! '  ' *%$!" !"
# ' % '0 !"  .! 0')&  *!3 % # '  6 # 8!"% 0%" ?
*%$!"#!&/9 6#1#0%"H0%"66:1*',&!	.!#'13&!#-*
*)""! '-$%& '(!'"!1% %"!-'   .!"!&'/#59F'-
 < . ' 6:
8 #'13&( 0"!G)!*/ "%Q!* % %0  .!
#'13&!#9 0"%1  .! "!&'/#9 %  .! 3&'! #.%<#  .! *)""! 
'-$%& '(!$'&)!#%3!"' (3% #
	.! 'J$! '/!# *&'##0!" 0%" "!&'/ #'13&!# 0%" -00!"! 
0')& #&%*' %#9 %0- ."!#.%&-&!!G)' %9#($!,/2
   H6A 5HFA " -#    5
<.!"!9-./"!3"!#! # .!1!'#)"!-"!&'/*)""! :'-
#"./ #  .!  ."!#.%&- $%& '(!  :+9 "!#3!* $!&/ # '
!C'13&!9 0%"<'"- 0')&  3"1'"/ 3"% !* % '- ,'*:<'"-
0')& ,'*:)33"% !* %#'13&!#%0F'"!3"!#! !- (
79"!#3!* $!&/
+-*
K%!
K%!5
66 6A 6 A
566
F66
=66
F 69FHH
-*
 F  6H9F74

C#"!3"!#! ( .!#'13&!#%0K%!
N#"!3"!#! ( .!#'13&!#%0K%!5
(7	."!#.%&-,%"-!"&!#!3'"' ( .!LK%!M'-LK%!5M0%"F
)"(  .! 0%"<'"- 0')& 9  .! 3"% !* % '&(%" .1 #!#!#
 .! 0')&  0"%1  .! 0"#  *-! <'$! 0"#  #'13&!9<.*. #
&%*' !- K%!
%<!$!"9 0  .!3"% !* %'&(%" .1-%!#
% #!#! .!0')& 0"%1 .!0"# *-! <'$! .! .!#'13&!
0'&&# < . K%!5 ,'*:)3 3"% !* %   .!!C  #!* %9
#1)&' %# -!1%# "' ! 3"1'"/ '- ,'*:)3 3"% !* %9
"!#3!* $!&/
!&'/ F #!#!#  .! 0%"<'"- 0')&    '0 !" 0')& 
*!3 %9'# ##'13&!#&!#K%!
%<!$!"9F-! !* #
 .!  H 1# '0 !" 0')&  %**)""!*! ,!*')#! %0  .! &1 !-
#3!!-%0 "'$!&(<'$!#%$!" .!&%(-# '*!	.)#9 .! "3
#('&  % -* *"*)  ,"!':!" F 0%"  <%)&- ,!  "((!"!-
< .1#-!3!-( )3%  .! 0')&  &%*' % 2 X61#'-
H2X1#%$!"#!&/9#!#! .!#'13&!#&:!-< .K%!
59  .'  #9 ,'*:<'"- 0')& 9 551# 0%"  '- F51# 0%" H9 '#
./,"-%3!"' ( 1!#51#D5FE9D5=E
  .! !$!  %0  .!3"1'"/3"% !* % 0'&)"!9 ' !-)"(
 1! 1)#  ,! 1' '!- 0%"  .! ,'*:)3 3"% !* %   %
%3!"' ! %'$%-)-!#"',&! "33(%0"!1% !#	.)#
651# #!&!* $! %$!"#.%%   1! # *%"3%"' !-  %  .!
#1)&' %#
+ 		
3!"' % %0  .! 3"%3%#!- 3"% !* % '&(%" .1 0%" 	

+#/# !1## 13&!1! !-  %  .! 0%)" !"1'&#/# !1
%0(C!-'* $!3%<!"'-'*$%& '(!*% "%&##!&!* !-
0%" <- 0'"1 *%!* !- +#  % !C "'*  1'C1)1 3%<!"
	.!-*$%& '(!#"!()&' !-,/'33&/(-!*! "'&8!-$%& '(!
-"%%3 *% "%& < . "!'* $! 3%<!" *% "%& %  .! ("- #-!
*%$!" !"# 	.!  %&(%' 
/,"-  #
13&!1! !-V	 %$!"0/ .!!00!* $!!##%0
 .!3"%3%#!- %3%&%(/-)* %"#'"!!13&%/!- %*%0!
 .!0')& *)""! #%'# %'&&%<!00!* $!%3!"' %D5AE
	.! #1)&' !- *%0()"' %.'#-* &!&! 0')& # 9 59
FRH%F  %  !#   .!%3!"' %%03"1'"/'-,'*:)3
3"% !* %9   .! !$!  %0  "!&'/ 0'&)"! 13&%/!-
3'"'1! !"# 0%"(  '-  *% "%&&!"# '"! ($! 	',&! 
'- 9 "!#3!* $!&/ &!* "*'& *.'"'* !"# *# %0 -*
 "'#1##%&!#	'"!($!	',&!
	',&!
'"'1! !"#%0 .!#/# !1
(
#
 	
+# ' %# %3%&%(/ 
"-$%& '(! =66:+
'C3%<!""' (%0!'*.+# ' % H66
+# ' %#*%)3&(-)* '*! AH1

< *.(0"!G)!*/ 66:
8
-*-* %" 661

+*% "%& +'*
+*% "%& +-*-"%%3Y
"%%3*%# ' #:9:5 A97
&'##0*' % !*.G)! 'J$!'/!#
	',&!
'--"%%3*% "%&3'"'1! !"#
#"#
  
-0'"1'*$%& '(!*% "%&&!" 66 6666
* $!3%<!"*% "%&&!" 66 66=66
!'* $!3%<!"*% "%&&!" 666 6F6F6

'C#*)""! *% "%&&!" 6=H 66647
0'C#*)""! *% "%&&!" 6=H 66647
	',&!
G)$'&! 3'"'1! !"#%0!'*.Z#!* %#%0'&& .! "'#1##%&!#
#
 )37 )78 )89 )39 )83
-*"!## '*!91[ F6 5I F5
-*-)* '*!91
 5H = 5H
-**'3'* '*!9\ 6 67 6
 %
/# !1 3'"'1! !"# $%& '(! '- *)""!  '"! 1% %"!- ' 
F  &!&! 0')&  F # *%#-!"!- '  =1# "1'"/
3"% !* % -! !* #  .! 0')&  %  # *!3 % '- ##)!# '  "3
#('& 1':( *% "%& #('&# 	F '- 	+ !G)'&  %  %
'""$'& ' F9 -)"(  O=F# '# #.%< ( H	.! 0')& 
*)""!  6: #  "!' !- '# F6] %0 %"1'& &%'- *)""! 
677:')& -! !* %'-  !"")3 % #'**%"-( %  .!
 ."!#.%&- !G)' %# '- %, '!- ,%"-!" &! ,'#!- %  .!
'J$!'/!#*&'##0!"	.)#9F*&!'"# .!0')& -)"(
< .51#' 4F7A#	.)#9F  !"")3 #  .! 0')& < .
2169-3536 (c) 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2017.2787485, IEEE Access

	
	
		
		4


A1# '- 0')&  *)""!  -1#.!-  % 8!"%  5F7A1#
.!"!96F7A1#)#!-  %-! !*   .!"!0&!* !-<'$!<.&!51#
*%#)1!- %1':!0')& /*)""! 8!"%$'./,"-D5FE9
D5=E' !"9	+,!*%1!#6 %"!3"!#!  .'  .!.'#*&!'"!-
 .! 0')& 9 ,!*')#! %0  .! $%& '(! "#! ',%$!  .!  ."!#.%&-
=66:+













(H&!'"!-0')& ,/3"1'"/3"% !* %9!&'/F'-F













(I&!'"!-0')& ,/,'*:)33"% !* %9!&'/'-9F
'-5
  !
  .! !$!  %0 3"1'"/ 3"% !* % 0'&)"! 0%" F9 '-!G)' !
%3!"' ( 1!0%",'*:)33"% !* %##.%)&-,!'&&%<!-
 %'$%- #!&!* $ / &%##,! <!!3"% !* %8%!#
!*!9 '
#!&!* $!%$!"#.%%  1!#'--!-9651#9,! <!!%3!"' %%0
3"1'"/'-,'*:)33"% !* %9"!#3!* $!&/!&!* $!#
11'&  .' D=E'- .!*! "!-)*!  .! 0')& -! !* %  1!9
$'&- / # #.%< (I'*:)33"% !* %  "3#59F
'-   % *&!'"  .! F  .'  F -- %  -! !*  	.! 0')&  #
-! !* !-,/ '  5A7A1# 5F7A1#N651# <.!  .!	+
#('& # ' ! #  .! *%## !  L6M 	.)#9  "3 #('& 	 #
##)!-  % #  % #%&' !  .! 0')& / &! F 0"%1  .! 	

+#/# !1')&  !"")3 %#-%!'**%"-( %(7
')& # !"")3 !-FA7A1#'-0')& !-*)""! #"!-)*!-
 %8!"%=A7A1#
!"0%"1'*! %0 3"1'"/ '- ,'*:)3 3"% !* % $'&-' !#
 .!3"%3%#!-3"% !* %'&(%" .10%"	
+#/# !1#  
"!-)*!#0')& -! !* % 1!'#0')& -! 0*' %$%&$!# .!
"' !%0"#!%0*)""! '- %&!"',&!-*$%& '(!&!$!&DFE9D=E
'J$! '/!# *&'##0*' % -#*"1' !# ,! <!!  .! 8%!#9
'-#0'#  %*&'##0/ .!-' ''# "!G)"!#%&/'0!<#'13&!#
 %!# 1' ! ."!#.%&-# .'
	',&!+
%13'"#%%03"% !* %##*.!1!#3!"' %#,'#!-%'J$!'/!#
*&'##0!"'-&!'"-#*"1' !''&/#!#
3!"' ( 1!%0!13&%/!-D=E2A1#
3!"' ( 1!%0
/,"-!13&%/!-0%"251#
(
  
"1'"/
"% !* %
')& *)""! # '" !- %-"%3 A1# 6661#
')& *)""! *&!'"!-8!"% =41# 5F7A1#
'*:)3
"% !* %
')& *)""! # '" !- %-"%3 FA1# FA7A1#
')& *)""! *&!'"!-8!"% 7H1# =A7A1#
 *%13'"#% 0%" 3"% !* % #*.!1!# ,'#!- % &!
-#*"1' $!''&/##'-'J$!'/!#*&'##0!"#($!
	',&!+%13'"' $!''&/###.%<# .' 3"1'"/'-,'*:
)33"% !* %# 0%"'"! #3!!-/  .'< .'**)"'*/9
'# #1)&' % "!#)& # *%0"1!- 	.)#9 #)*. ' 3"% !* %
#*.!1!0%)- #'33&*' %< .	
+#/# !1#
+ 
"1'"/ '- &%*'& ,'*:)3 3"% !* % '&(%" .1# 0%" 	

+ #/# !1# <'# 3"%3%#!-   .# 3'3!" /'1*
#1)&' %# 0%" ' 0%)"  !"1'& 
+ #/# !1 '"! )#!-  %
'##!##3"1'"/'-,'*:)33"% !* %9<.!'3"1'"/ "!&'/
0'&# %-! !*   .!0')& 9"!#3!* $!&/	.!'&(%" .1"!'&8!#'
.(. %3!"' %'& #3!!- ,/ -! 0/(  .! 0')&   ' 3"1'"/
3"% !* %8%!'- "33!- .!'33"%3"' !-**"*) ,"!':!"
	.!#!*%-'"/3"% !* %#*.!1!G)*:&/-! !* #'-#%&' !#
 .!0')& /3%" %-)"( .!0'&)"!%03"1'"/3"% !* %< .
#!&!* $!%$!"#.%%   1!	.# "!-)*!#  .! 0')& *)""!  #3:!
,!*')#! %0  .! 0'#  %3!"' %  *&!'"( 0')& #9 *%13'"!-  %
 .! '* 3"% !* % '- "!*!   ,'#!- -* 3"% !* %
3.&%#%3.!#9'# .!'J$!'/!#*&'##0*' %#)#!- %0-
 .!,%)-'"/,! <!!3"1'"/'-,'*:)33"% !* %8%!#
	.)#9 	
+ #/# !1# '"! !C3%#!  % #.%" !" 3!"%-# %0
.(. 0')&  *)""! # '- &%<!" $%& '(!#9 <.*. "!-)*!#  .!
"' (# %0 -* ("- !G)31!  #)*. '# *%$!" !"# '- -*
,"!':!"#"%3%#!-"!&'/('&(%" .1#'33"%3"' !0%"	

+ ("-# <.!"! #!&!* $! 3"% !* % '- # '"!
!13&%/!-9'# .!<%":(%0'&(%" .1-!3!-#% .!*)""! 
'- $%& '(! #'13&!# '##%*' !- < . # %3!"' %  .'
 .! -* #/# !1 *.'"'* !"# *# 1)&' % "!#)& # *%0"1
'&(%" .1 3!"0%"1'*! -)"( ,% . 3"1'"/ '- ,'*:)3
3"% !* % 	.! "!&'/( #),#/# !1 # 13!"$%)#  % ("-
%3!"' %*.'(!##)*.'#&!'-*%$!" !"%) '(!#

DE ;'9)G)9! '&^("-< .!1,!--!-+
+0%"#!*)"!
'- !00*!  3%<!" -!&$!"/9_  !"(/ 56F69  &' '9 9 9
%$566H
D5E +'
!" !1'-.'-.'"9^)&  !"1'&+
+0%" .!
)"%3!' #)3!"("-2 ,# '*&!#9_ -  	 -# $%& =9
%I933FA4F4F9566
DFE +:.1' %$9'&&'$:9"'*:9! '&^	!*.*'&()-!&!#'-
3"!# '-'"-8' % <%": 0%" 0"#  
+ ("-#9_ 			  
*9$%&I9%933F57`FFA9!,56F
66
6
56:

-1
=66F
:+




66
6
5#
('
&
-
677:
AF:
66:
F7:+
=H:+
AA6
66
=6
6 5 = 4 H 56	1#
F6
A6
:

-1
F:
+



F
#(
'&
-
2169-3536 (c) 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2017.2787485, IEEE Access

	
	
		
		7


D=E +'
!" !19.'-.'"9;)"#9! '&^"% !* %"!G)"!1! #
0%"'1)&  !"1'&1!#.!-("-9_2%!"	
  $ "  !
 
 %
9
%&%('956
DAE  -!"#%9 ^%<!" /# !1 "% !* %9_ 
%,%:!9 ;9 2 &!/9
IIH
D4E  ! !"1!9 ; !!" !9 '-  +' 
!" !19 ^%)  3"% !* % %0

+ ("-# < . -)* $! -* *',&!  !"1' %9_ 			 
*9$%&F9%5933H56H5H9564
D7E  	'(9 ^% "%& '- 3"% !* % %0 1)&  !"1'& -*  "'#1##%
#/# !1#,'#!-%$%& '(!#%)"*!*%$!" !"#9_.-##!" ' %9*&&
$!"# /9% "!'&9Y9''-'9566F
DHE ; '(9 ; &! *.!"9 '- ; a!&&/9 ^)&  !"1'& -* <- 0'"1
*%&&!* % ("-  !"'& 0')&  ''&/## '- 3"% !* % -!#(9_ 			
*9$%&5A9%=9335F6H`5FH9* 566
DIE  ! !"09  "$'# '$'9 !8'9 !  '&9 ^'$!&! ,'#!- 3"% !* %
# "' !(/0%"-*0')& #1)&  !"1'&+
+#/# !1#9_	3
%*+9$%&A9%=933=I4`A6F93"56
D6E   #.!"9 ^	.! )#! %0 1)& 3&! 1!'#)"!1! #   'C%%1*
3"%,&!1#9_	9$%&A9%59337IHH
DE  
'Q'9  K.'(9 '-  ;%$**9 ^*  "'#1##% ("- < . &%<
#3!!- 3"% !* % )#( 1!*.'*'& -* *"*)  ,"!':!"#9_ 			 
*9$%&9%II933`956=
D5E ;!#*&%)C9^"% !* %*% "!&!#*%)" #*"*) #-!#"b#!')Cc*%)"' 
*% )-!0%" !3)##'*!9_.-##!" ' %9$!"# b-!"!%,&!9
"!%,&!9"'*!9!356F
DFE  ! !"1!9   8'-9  + 
!" !19 ^ %*'& '*:)3 "% !* %
&(%" .10%"
+("-#_9			*9$%&F9%=933
74777A9)(564
D=E  ,!-"',,%9  + 
!" !19 ^ "1'"/ '- '*:)3 "% !* %
&(%" .1 ,'#!- % +%& '(! '- )""!  !'#)"!1! # 0%" 
+
"-#9_  & 
(. +%& '(! "!*  )""!  %0!"!*!9 *  5649 33
HA=H46
DAE   8'-9  ! !"1!,9  + 
!" !19 ^'#  ,"!':!" 0'&)"! ,'*:)3
3"% !* %0%"
+("-#9_	-"564
D4E  '8'9B '()%9 )*.'%9 B)<!9  &&'1# '-
!*' 9d%%"-' !-3!"' %'-% "%&%0+'#!-)&  !"1'&

(.+%& '(!	"'#1##%/# !1#9d				9
$%&79%933F4=F7F9;'564
D7E ; '(9 	 ;(9   !&&1) 9 ; :''/':!9 '-  ;!:#9
^3!"' % '- *% "%& %0 1)&  !"1'& 
+  "'#1##% 0%"
%00#.%"!<-0'"1#9_			*9$%&549335AI4546=9
* 56
DHE '-%%9 9 Q)1,'9 2 L
+ &! 3"% !* % 0%"  .! 3"%3%#!-
0) )"! 
+ #/# !1#M   %0 % %<!" /# !1 	!*.%&%(/ `
9%$566=933F57`FF5
DIE   ' .':'" 9   .-!9 ^)-'1! '&# %0 %<!" /# !1
"% !* %9_"! *!
'&&9-'9566F
D56E    !0'9 ^%13'"#% %0 ' ' &'##0*' % ! .%-#_9 

	%
9+%&F933=56=5A9565
D5E )" /9  '"'#.1'9 !  '& ^'  !" !*%( %2  &(%" .1*
33"%'*._3"(!"956
D55E 	 *.!&&9^'*.!!'"(9_*"'<
&&99II7
D5FE  '&&'$:9  &%1,!"(9 ; 
'0!" '-  ;'*%,#%9 ^	.! 
/,"-

+"!':!"#2 %$' %,"!': ."%)(.!',&( "!&',&!
+
("-#9_("-#/# 9Ke"*.9!"1'/9	!*.3'3!"9%$565
D5=E 
'##'3%%"9;
'0!"9;'*%,#%9d	!*.*'&'##!##1! %0&%'-
*%11) ' %#< *../,"-
+,"!':!"9d4"$
 	 
 		  .			/ '/ 56=9
33F447F47F
D5AE  -'19  9  
%&&-'/9  !/9  B)9  &&'1#9 !  '&9
d% )!- 3!"' % %0 )& 	!"1'& 
+ ! <%":# '#!- %
%-)&'")& &!$!&%$!" !"#9d3-	933H956A









